During copulation, male Isophya kraussi transfer a large nuptial gift to females. In this study, we hypothesized that the energy content of spermatophores should meet the energy requirements of both body maintenance and egg production of females. We measured the field metabolic rate of male and female I. kraussi using the doubly labeled water method and the energy content of spermatophores and male bodies with microbomb calorimetry. n p 5 content of spermatophores exceeded the daily energy requirements of existence in male I. kraussi. A single nuptial gift provides for all energy requirements of females for 1 or 2 d, depending on their activity, egg production, and ambient temperature. Because the shortest known remating interval of female katydids varies between 1 and 3 d, female I. kraussi could theoretically exist exclusively on spermatophores to meet their nutritional requirements.
Introduction
During copulation, male katydids transfer a nutritious gift to their partner, and females consume the so-called spermatophore while the ejaculate of the male enters her reproductive tract (Gwynne 1984; review in Gwynne 1997) . Spermatophores consist of two parts: the ampullae, in which sperm are stored, and the spermatophylax, which is a gelatinous mass lacking * E-mail: voigt@izw-berlin.de. any sperm. There has been substantial discussion on the ultimate function of spermatophore transfer in insects, especially in katydids. Two competing although not necessarily exclusive hypotheses have been formulated: (1) spermatophores benefit the offspring of the male and thus have to be considered as paternal investment and (2) spermatophores prevent females from feeding on the ejaculate and thus can be considered as a form of male investment into mating effort. Gwynne (1986) demonstrated that spermatophores of Requena verticularis are twice the size necessary to warrant a complete transfer of sperm. In addition, feeding on spermatophylax nutrients by females increased egg size, and Gwynne (1986) therefore concluded that courtship feeding in this species represented paternal effort. Simmons and colleagues (1993) showed that male R. verticularis increased the number of sperm in the ampulla and reduced the size of spermatophylaxes when mating in a situation of increased sperm competition. Gwynne (1988) used genetic markers and radioactive labels to show that the offspring benefited from the nutrient material transferred by the corresponding sires.
Physiological and Biochemical Zoology
All of these results are in agreement with the hypothesis that spermatophores represent paternal investment. However, a study by Wedell (1993a) revealed contradictory results for another species, Decticus verrucivorus. Wedell (1993a) found that the rates at which male-derived substances were incorporated into eggs were too slow to benefit the males' offspring. In addition, consumption of spermatophores had no effect on female fecundity of D. verrucivorus. Wedell (1993a) concluded that spermatophores functioned to increase fertilization success in D. verrucivorus by blocking access to the ejaculate with a large gelatinous mass and preventing females from feeding on the ejaculate. By comparing data of 28 katydid species, Wedell (1993b) demonstrated that male spermatophore size increased with female refractory period, which, in turn, increased male fertilization success. Sizes of spermatophores were also shown to vary in accordance with the travel time of sperm to the female spermatheca (e.g., Reinhold and Heller 1993; Wedell 1993b) . In another comparative study of katydids, it was demonstrated that larger spermatophylaxes exhibited lower protein concentrations than small ones, indicating a possible trade-off between spermatophylax quality and size (Wedell 1994b ). In addition, no correlation was found between the amount of protein in the spermatophylax and female reproductive output. On the basis of these findings, it was argued that variation in spermatophore size is better explained by the mating effort than by the paternal investment hypothesis.
As a synthesis of both hypotheses, it was argued that selective forces may vary in different situations. Resource availability may directly influence the form of sexual selection, as females increased spermatophore uptake when facing a low-quality diet (Simmons and Bailey 1990) . In line with this argument, Wedell (1994a Wedell ( , 1994b argued that two types of nuptial gifts occur in Orthopera: those that function to protect the male's ejaculate, with low nutritional value and no apparent beneficial effect on female fecundity, and those that are large and energy rich and increase female fecundity apart from protecting the ejaculate.
Three different fates of spermatophore material in female katydids are possible: (1) nutrient material could benefit egg production (e.g., Gwynne 1988; Wedell 1993a) , (2) the spermatophore compounds could be incorporated into the somatic tissues of females (C. C. Voigt and J. Joachismki, unpublished manuscript), and (3) spermatophore substrate could fuel the metabolic requirements of existence. These different pathways of spermatophore processing are not necessarily exclusive, and a combined use of nutrient material is most likely. In a recent nitrogen isotope study (C. C. Voigt and J. Joachismki, unpublished manuscript), it was shown that the somatic tissues of female Isophya kraussi (Phaneropterinae, Orthoptera), a strictly herbivorous katydid from central Europe (Ingrisch 1976; Bellmann 1993; Ingrisch and Köhler 1998) , is more enriched in 15 N than its cuticula or the somatic tissue of male conspecifics. As the enrichment of 15 N increases with an increasing portion of proteins originating from animal tissue, the authors argued that most of the somatic tissue of female I. kraussi was derived from male body substance via nuptial gifts. In this study, we addressed the following questions: first, how much energy do males allocate to the nutritious spermatophores, and how is this amount of energy related to the energy content of male bodies and male field metabolic rates? Second, how many days can a female possibly fuel her energy requirements by catabolizing a single spermatophore?
Material and Methods

Bomb Calorimetry
Twelve male and five female Isophya kraussii were randomly collected from a population in the district of upper Franconia (Bavaria, Germany). The katydids were maintained for 7 d on a diet of various plants found in their original habitat. In the evening of the seventh day, a single male was put together with a female in a 1-L container made out of fly screen. Usually, males immediately started to sing in front of the female, and in eight out of 12 cases, females accepted the male for copulation. Spermatophores were collected after the completion of copulations. The spermatophores were dried to constant mass in a drying oven at 70ЊC and afterward stored below 0ЊC until further analysis. Before caloric analysis, dried spermatophores were pulverized and formed into small pellets. The bomb calorimeter was calibrated with 10 dry pellets of benzoic acid with constant energy density (26.45 J mg Ϫ1 ) but varying masses. The positive correlation between expected and measured energy content of pellets was highly significant ( , ).
2 r p 1.0 P ! 0.0001 To measure the energy content of whole males, 27 male Isophya were collected from the same population. Because it was impossible to judge whether the males had recently mated, we kept all individuals for 5 d separately in 1-L containers and fed them a diet of plants from the site of collection (see C. C. Voigt and J. Joachismki, unpublished manuscript). The animals were killed through decapitation, and the carcasses were dried for several days at 70ЊC to constant mass and then pulverized. A subsample of each individual was converted into a small pellet, and the energy content of this subsample was measured with bomb calorimetry as described above. On the basis of the energy content of the subsample and the mass of the subsample in relation to the total dry mass of the individual, we extrapolated the energy content of the whole animal.
Doubly Labeled Water Experiments
We randomly collected eight male and eight female I. kraussii from the same population as described before. Before releasing, we attached a small flag of reflecting tape with an individual number on one of the hind tibias (Heller and von Helversen 1990) . Katydids were recaptured 1 d later by shining a headlamp over the habitat at night and detecting the spot of light reflected by the flag. Before the doubly labeled water (DLW) experiment, katydids were weighed ( g, Mettler balance) accuracy p 0.01 and injected intra-abdominally with 10 mL of water enriched with 28 atom% oxygen-18 and 5 atom% deuterium. Equilibration time lasted on average min. Each initial he-29 ‫ע‬ 2 molymph sample was obtained at approximately 2300 hours. To receive a small volume of hemolymph, we punctured the intrasegmental membrane laterally between the seventh and eighth abdominal segment with a needle. We then carefully inserted a 10-mL microcapillary tube into the hole. During each sampling event, we obtained approximately 10-15 mL. The contents of the small tubes were transferred into larger capillary tubes, which were immediately flame sealed and stored below 0ЊC until analysis. After taking the initial hemolymph sample, katydids were released to the place were they had been captured. After exactly 24 h, the sampling procedure was repeated. Samples for the analysis of background concentration of oxygen-18 and deuterium were taken from six additional I. kraussi at the same time of night in the same habitat following the procedure described above.
Because the metabolic rate of arthropods is sensitive to temperature changes in the habitat, we measured the ambient temperature during the experiment using four data loggers (HOBO, Onset Computers) that were distributed over the experimental plot at the corners of a rectangle at a 10-m distance from each other. The ambient temperature was recorded every 2 min. We calculated mean values for each data logger for 40-min intervals to document the temporal pattern of ambient temperature. The average temperature for the whole experimental day was cal- culated by averaging the mean temperatures recorded by each of the data loggers.
Isotope Analyses
We could not find substantial cellular material in the hemolymph and therefore did not distil samples for analysis. Oxygen isotopes were prepared using the guanidine-hydrochloride method (Wong and Klein 1986; Wong et al. 1987a Wong et al. , 1987b . Hydrogen isotopes were prepared employing the zinc-reduction method (Kendall and Coplen 1985; Coleman et al. 1989 ; "Hayes" Zinc, Indiana University). Samples were analyzed, on average, in duplicate using a Finnigan Delta-S isotope ratio mass spectrometer at the Boston University Stable Isotope Laboratory. A lab standard was analyzed in duplicate after every sixth sample. Mean values were calculated for each duplicate measurement. In three female I. kraussi, the rate of isotope loss was greater for deuterium than for oxygen, and we therefore excluded these data from further analysis. We attribute this finding to undetected contamination of samples with solid material. Total body water (TBW) was calculated according to the plateau method (eq. [1]) by using the enrichment of deuterium and 18 O (Speakman 1997) :
where N is the body water pool size (mL), c j is the isotope concentration of the injection solution (ppm), c b is basal isotope concentration in the animal (ppm), c f is the final isotope concentration after equilibration (ppm), and V j is the volume of the injection solution (mL). The daily water flux was calculated according to equation (2): 
where k O is the washout rate of 18-oxygen and is the hourly r CO2 CO 2 production (mol h Ϫ1 ). Equations (2) and (3) control for 50% fractionated water loss at 25ЊC as recommended by Lifson and McClintock (1966 
Discussion
Energy Content of Males and Spermatophores
Spermatophores of Isophya kraussi were in the upper range of relative spermatophore sizes known for katydid species (e.g., 32% in Barbitistes ocskayi [Heller et al. 1999 ]; 26% in Poecilimon veluchianus and 15% in Poecilimon affinis [Heller and von Helversen 1990] ). This study shows that copulating male I. kraussi donated on average 20% of their total energy content as a nuptial gift to females. Because a large portion of insect biomass is bound as metabolically inert chitin in the exoskeleton, this percentage value increases with respect to the energy content of the somatic tissue. Assuming that 30% of dry matter constitutes cuticula, the energy equivalent of somatic tissue amounts to only 2.27 kJ in male I. kraussi. Subtracting 0.66 kJ from 2.27 kJ yields 1.61 kJ as the energy equivalent of somatic tissue left in the male body after the transfer of the nuptial gift. Thus, males donate probably 130% of the energy of their somatic tissue in the nuptial gift to the female, and they are consequently left with !70% of their initial energy bound in somatic tissue.
Both male bodies and spermatophores had an average energy density of approximately 21 J mg Ϫ1 , implying a mixed content of protein and carbohydrates. Most authors found that spermatophore composition is dominated by amino acids (Bowen et al. 1984; Wedell 1993a; Heller et al. 1999 ). Heller and colleagues (1999) found only small amounts of carbohydrates in spermatophores of five phaneropterid species. Whether sper- matophores of I. kraussi carry a larger portion of carbohydrates cannot be answered with the current data set. More detailed studies on the spermatophore composition in I. kraussi need to be undertaken.
The Use of the DLW Method in I. kraussi
For the equilibration of isotopes in the body water pool, we used a time period of ca. 30 min. TBW was calculated according to the plateau method, and because the TBW estimates did not deviate significantly from those derived by desiccation of animals, we assume that the equilibration time was adequate for an insect of that size.
It has been assumed that DLW experiments are not possible in insects because arthropods lack the enzyme carbonic anhydrase that catalyses the isotopic exchange between CO 2 and H 2 O (see Speakman 1997 for discussion). However, Buscarlet et al. (1978) demonstrated that oxygen isotopes of the body water are in equilibrium with respiratory CO 2 in Locusta migratoria. They also found a good accuracy of the DLW method when compared with values obtained with indirect calorimetry (mean ). Cooper (1983) validated the DLW deviation p 2% method in two tenebrionid beetle species and found a substantial overestimate of CO 2 production rate if based on the DLW method. However, in Cooper's (1983) study, animals were kept unfed in sealed containers. Thus, TBW probably changed during the course of the experiment and may have violated basic assumptions of the DLW method (Lifson and McClintock 1966; Speakman 1997) . A more recent validation study (Wolf et al. 1996) confirmed a high accuracy of the DLW method in another insect, the bumblebee (mean ). deviation p 2% In a comparative study, Reinhold (1999) investigated the effect of costly behavior such as flying on the evolution of resting metabolic rates in insects. According to this review, flying orthopterans are expected to show a mean resting metabolic rate of 0.550 mL O 2 g Ϫ0.75 h Ϫ1 (mean value based on five species), and nonflying orthopterans such as I. kraussi have a mean resting metabolic rate of 0.265 mL O 2 g Ϫ0.75 h Ϫ1 (mean value based on seven species; see Fig. 2 ). Using the latter formula to calculate a species-specific estimate of daily energy expenditure for a resting 0.7 g I. kraussi yields 0.15 kJ d
Ϫ1
(assuming combustion of carbohydrates; Fig. 2 ). The mean FMR of I. kraussi measured with the DLW method was two times higher than the estimated daily resting metabolic rate. Considering the fact that the measured FMR includes a variety of costly activities, the DLW estimates of I. kraussi fell within a reasonable range above the expected resting metabolic rate. Summarizing, we conclude that the DLW method is a useful tool for ecophysiological studies in insects, and improved analytical techniques combined with a reduction of the required sample volumes will probably make this method more widely used in arthropods in the future.
FMR of Males in Relation to Spermatophore Energy
The FMR of males equaled 0.41 kJ d Ϫ1 , and as the DLW experiment integrated over 24 h, the FMR included the energy costs of all activities, such as locomotion and singing. According to data from Reinhold (1999) , nonflying orthopterans have a mean resting metabolic rate of 0.265 mL O 2 g Ϫ0.75 h Ϫ1 (see above). Thus, resting male I. kraussi of 0.6 g should have a daily energy expenditure of approximately 0.08 kJ d Ϫ1 (Fig. 2 ) The difference between this value and the measured FMRs of free-ranging males equals 0.33 kJ d Ϫ1 ( k Jd Ϫ1 ) and 0.41 Ϫ 0.08 is probably caused by additional costs of singing and locomotion.
In similar-sized Poecilimon species, spermatophore-producing glandular tissues are replenished after 2-3 d (Heller and von Helversen 1990; Reinhold and Heller 1997; Lehmann and Lehmann 2000) . Assuming that male I. kraussi remate on average every 2 d, their energy intake has to be at least 0.33 kJ d Ϫ1 in order to produce a spermatophore. Thus, daily energy intake of male I. kraussi has to exceed FMR by 0.33 kJ, yielding a total energy intake of 0.74 kJ d Ϫ1 (0.41 kJ d Ϫ1 for the energy requirements of living plus 0.33 kJ d Ϫ1 for spermatophore production). This value is a conservative estimate because the metabolic inefficiency of the conversion of carbohydrates and other material to proteins is neglected. Thus far, it is unknown which specific factors influence the rate of spermatophore replenish-ment. Possibly, gut passage rate, assimilation rate, or glandular secretion rate may constrain spermatophore production rate. Summarizing, male I. kraussi transfer an energy equivalent to females that is probably similar to the amount of energy they ingest each day.
FMR of Females in Relation to Spermatophore Energy
From a proximate perspective, female I. kraussi benefit from copulating with males by ingesting a protein-rich gift that they may use for incorporation into their own tissue for egg production or for fueling their daily energy requirements. Previous studies have shown that molecules originating from the spermatophore are traceable from their origin to the eggs (Bowen et al. 1984; Gwynne 1988; Wedell 1993a) . A recent nitrogen isotope study revealed that female I. kraussi live to a large extent on spermatophores and assimilate male body substance into their own body (C. C. Voigt and J. Joachismki, unpublished manuscript). Spermatophore substrate could contribute to the gross protein content of the eggs, or it could include essential molecules for egg development to the eggs (Heller et al. 2000) . Most likely, female I. kraussi use nuptial gifts for both maintenance of body function and egg production. This study shows in addition that an average spermatophore comprises an energy content of 0.66 kJ and that the FMR of female I. kraussi equaled 0.30 kJ d Ϫ1 (Fig. 2) . Because female katydids continuously produce eggs, daily energy intake has to exceed measured FMR. Thus, under the assumption that females ingest almost complete spermatophores, female I. kraussi could live approximately 2 d on a single spermatophore, depending on ambient temperature, locomotion, and spermatophore size. The shortest recorded remating interval of female katydids usually varies between 1 and 3 d (e.g., Heller and von Helversen 1990; Reinhold and von Helversen 1997) . Thus, female I. kraussi could theoretically live on an exclusive diet of spermatophores and still meet all their nutritional requirements.
